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Abstract 
This paper compares the eco-efficiency of Low Temperature Copper to Copper Bonding (LTCCB) technology against the Conventional 
Method (CM). The analyses look into the energy and material consumables consumption profiles of LTCCB technology and the Conventional 
Method (CM) which requires higher bonding temperature. The energy profile includes identifying the power signatures of the bonding process, 
illustrating the power consumption at different phases of bonding. Through production cost modeling and carbon footprint assessment, the 
critical cost drivers and carbon footprint hotspots are identified for both technologies. They are Absolute Ethanol consumption during Organic 
Coating process and energy consumption during bonding process. The comparative study developed an eco-efficiency graphical representation 
to position the eco-efficiency of both LTCCB technology and CM. LTCCB technology carbon footprint is 12.29% lower than CM. However, 
CM total unit cost is 47.42% lower than LTCCB technology. To improve the eco-efficiency of LTCCB technology, it is recommended to 
replace Absolute Ethanol with Deionized water (DI water) at the Organic Coating process. Scenario analysis shows that both total unit cost and 
carbon footprint of LTCCB technology are lower than that of CM. Using the eco-efficiency graphical representation, the recommendation has 
certainly improved the eco-efficiency of LTCCB technology. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 21st CIRP Conference on Life Cycle 
Engineering in the person of the Conference Chair Prof. Terje K. Lien. 
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1. Introduction 
This paper compares the eco-efficiency of Low 
Temperature Copper to Copper Bonding (LTCCB) technology 
against the Conventional Method (CM). Conventionally, the 
method to bond copper (Cu) interconnects by flip chip 
thermocompression process requires high bonding 
temperature and/or high bonding pressure for reliable and 
strong joint formation [1, 2]. However, this requirement may 
lead to thermomechanical-related stresses and poses long term 
risks to reliability and device performance. Triggered by the 
need to develop a bonding process that requires lower 
temperature and/or pressure, the LTCCB technology was 
developed [3]. 
The main advantages of this bonding process include no 
chemical mechanical polishing and post annealing process 
unlike the CM which requires high annealing temperature of 
up to 800°C. Such high annealing temperature is undesirable 
for 3D Integration. The LTCCB technology greatly reduced 
the energy intensity of the bonding process relative to the CM. 
Furthermore, this bonding process may also reduce the 
consumption of acid cleaning chemicals during pretreatment 
of the copper parts. Both reductions in terms of energy and 
material consumables have given this bonding technology a 
significant competitive edge over the CM. 
To qualify and quantify the claims, it is proposed to 
conduct an eco-efficiency assessment of the LTCCB 
technology. The results will give a better understanding of the 
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energy and material consumables consumption profiles and 
may provide a more substantial comparison against the CM. 
2. Methodology 
2.1. Concept of eco-efficiency 
The term eco-efficiency was developed by World Business 
Council for Sustainable Development (WBCSD) in its 1992 
publication “Changing Course”.  It is based on the concept of 
creating economic progress with more efficient use of 
resources and reduced emissions.  
Eco-efficiency is a management philosophy which 
encourages business to aim for environmental improvements 
without compromising economic benefits. Companies 
embarking on eco-efficiency strive to become more 
environmentally responsible and more profitable [4].  
Eco-efficiency can be represented as a ratio between an 
environmental indicator and an economic indicator. There is 
no standardized environmental/economic indicator to adopt 
and there are also wide variants of eco-efficiency. For 
instance, Huppes and Ishikawa [5] have described four 
variants of eco-efficiency and they are listed in table below. 
Table 1. Four basic types of eco-efficiency. 
 Product or production 
primary 
Environmental 
improvement primary 
Economy 
divided by 
environment 
Production value per unit 
of environmental impact, 
or environmental 
productivity 
Cost per unit of 
environmental improvement 
or environmental 
improvement cost 
Environment 
divided by 
economy 
Environmental impact per 
unit of production value, 
or environmental 
intensity 
Environmental 
improvement per unit of 
cost, or environmental 
cost-effectiveness 
 
In another study, the authors also acknowledge that there is 
no ISO standard to conduct eco-efficiency analysis[6]. 
Furthermore, there is an issue when eco-efficiency is 
expressed as a single metric using both cost and 
environmental information, especially when one is measuring 
the improvement. For instance, Equation 1 shows a formula to 
quantify eco-efficiency having cost (Equation 2) as the 
numerator and carbon footprint (Equation 3) [7, 8]as the 
denominator. Ideally, one wishes to reduce both cost and 
carbon footprint. However, if both factors are reduced by the 
same ratio, this will result in no change to the eco-efficiency 
even though the goal is to reduce both cost and carbon 
footprint. Therefore, the limitation of expressing eco-
efficiency as a single metric is to have both numerator and 
denominator as factors that one wishes to reduce.  
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Where:  
EE is Eco-efficiency 
C is Cost 
CFP is Carbon footprint 
ADi is Activity Data for the ith activity 
UCFi is Unit Cost Factor for the ith activity 
EFi is Emission Factor for the ith activity 
N is the total number of activity 
 
To overcome this limitation, this paper will describe a 
variant of the graphical representation [6, 9] to present the 
eco-efficiency analysis between the LTTCB technology and 
the CM. 
2.2. Eco-efficiency analysis approach 
Define Goal and Scope 
The Goal and Scope for this eco-efficiency are defined to 
focus on the objectives of this study as well as to limit the 
area of comparison. The Goal is to assess the LTCCB 
technology materials and energy profiles in order to generate 
the eco-efficiency model and compare with the CM. The 
study will be limited to lab-scale environment where material 
costs are usually higher than industrial grades. Furthermore, 
some of the processes will be manually conducted, unlike the 
case of industrial production where these processes may be 
automated. 
 
Define System Boundary 
Ideally, the system boundary will cover from cradle-to-
grave. However, the system boundary of this study will be 
limited to the production stage based on the Goal and Scope 
definitions. Furthermore, as this is a comparative study, some 
of the similar processes may be excluded. The system 
boundary will be refined iteratively until significant 
inputs/outputs of both technologies are captured.  
 
LTCCB Technology 
 
 
CM 
 
 
Fig. 1. System boundary. 
Fig. 1 shows the system boundary of LTCCB technology 
and the CM. There are three main processes of LTCCB 
technology - Acid Cleaning, Organic Coating and Low 
Temperature Bonding. The CM has two main processes - 
Acid Cleaning and High Temperature Bonding. The Acid 
Organic coating
Acid Cleaning
Low Temp. Bonding
Acid Cleaning
High Temp. Bonding
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Cleaning process is to clean the samples (to be bonded) and 
both technologies share the same process. The main 
difference lies in the Organic Coating process which creates a 
coating layer around the samples. The coated samples (of the 
LTCCB technology) would then be able to bond at lower 
temperature compared to the CM. 
Energy Profile Modelling 
The process which consumes the most significant energy is 
the bonding process. Effective management of energy comes 
through energy monitoring [10]. Therefore, an energy model 
is created to study energy profile of both technologies. The 
aim is to study the power signatures of the bonding process 
and quantify the energy consumption during the bonding 
process. 
 
Energy Logging and Data Collection 
 
Fig. 2. Energy logging equipment setup. 
To quantify the energy consumption, energy logging 
equipment is setup to measure the power consumption of the 
bonding process over time. Fig. 2 shows the setup to log the 
energy data of the bonding process. The bonding equipment is 
a Flip-Chip Bonder (Phoenix 2001). The Phoenix 2001 is 
single-phase equipment. Voltmeter is connected to the 
distribution board to measure the voltage while direct clamps 
are connected to the Phoenix 2001 to log the current. To 
capture the energy profile of the bonding process, time 
logging is carried out to monitor the power consumption of 
the bonding process over the period of experiment. 
 
Materials Profile Modelling 
A model is created to map the materials input and output 
flows of the main processes. The model aims to depict the 
materials that contribute to the environmental impact and cost 
of production. The environmental impact indicator chosen in 
this eco-efficiency analysis is carbon footprint. Carbon 
footprint refers to the six greenhouse gas (GHG) emissions 
consisting of CO2, CH4, N2O, SF6, HFC and PFC and is 
expressed in weight of carbon dioxide equivalents (CO2e), 
e.g. kg CO2e [11, 12]. 
 
Materials Data Collection 
To quantify carbon footprint, two types of data collection 
are required - namely activity data and emission factors [12]. 
Activity data refers to a quantitative measure of an activity of 
resource flows (inputs and outputs). In this case, the amount 
of materials consumed. Activity data can be further divided 
into two categories, primary and secondary activities [12]. 
The primary data refers to data measured. The secondary data 
refers to data that are measured by external parties where data 
are not specific to the product but represent an average or 
general measurement of the similar processes or materials. 
These data could be obtained through literature, open sources, 
or paid databases. Secondary data is used only when primary 
data is not available.  
Emission factors refer to coefficients that quantify the 
emissions or removal of a gas per unit activity. Emission 
factors are often based on a sample of measurement data, 
averaged to develop a representative rate of emissions for a 
given activity level under a given set of operating conditions. 
An example is emissions in unit of activity data (kg CO2e per 
kWh) arising from the use of electricity.  
For this study, it is not possible to trace all the actual 
upstream production of all the materials used. Therefore, 
generic emission factors or emission factors that are closest to 
the actual material inputs are employed. The data obtained for 
this study are from established commercial life cycle 
assessment databases including GaBi [13], SimaPro [14], and 
publicly available data sources. 
To quantify cost of production, two types of data are to be 
collected – namely activity data and unit cost factors. Similar 
to the case of quantifying carbon footprint, activity data such 
as the amount of materials consumed are recorded.  
Unit cost factors refer to the coefficients that quantify the 
cost per unit activity. Unit cost factors are usually based on 
the price of the goods purchased, normalised to the specific 
reference flows. An example is $/litre, arising from the use of 
a unit volume of material. 
 
Eco-efficiency Analysis and Interpretation 
After data are collected, the materials and energy models 
are populated to generate the environmental impact indicator 
(carbon footprint) and unit cost of production. As described 
earlier, the results report will adopt a variant of the graphical 
representation [6] to present the eco-efficiency analysis 
between the LTTCB technology and the CM. 
2.3. Parts specifications and experiment parameters settings 
A common part to be produced is used for comparison 
between the LTTCB technology and the CM. Sputtered 
copper (Cu) wafers consisting of several underlying layers 
were used. Standard photolithography process was carried out 
to pattern the blanket Cu substrates according the daisy chain 
design as shown in Figure 3.  
 
 
Fig. 3. Schematics of daisy chain test design, consisting of a total of 24 
bumps. 
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24 Cu bumps with bump height and diameter of 23 μm and 
60 μm respectively, were fabricated by an electroplating 
process. The plated wafers were then diced into individual 
dies at a size of 4mm2, which were to be bonded on the 
patterned Cu substrates. Therefore the functional unit chosen 
for comparison is one sample with 24 Cu bumps having a 
total bonded surface area of 67.9 nm2. 
The parameters settings are based on the table below. The 
settings are established based on the goal of achieving a 
desired bond performance. The bonding performance is 
measured by shear strength. A shear strength of >20 MPa is 
considered as an industry norm. It is noted from the table that 
LTCCB technology requires lower temperature (300°C) and a 
shorter bonding time (100s) compared to than CM. 
Table 2. Parameters settings for experiment. 
Parameters LTCCB Technology CM 
Temperature (°C) 300 350 
Pressure (MPa) 140 140 
Bonding Time (s) 100 120 
3. Results and discussions 
3.1. Energy profile 
 
Fig. 4. Current profiles of both LTCCB technology and CM. 
The left-side of Fig. 4 shows the current profile of LTCCB 
technology while the right-side shows the current profile of 
CM. It is obvious from the figure that CM draws higher 
current as the bonding temperature required is higher by 
50°C. There is a group of surging spikes in the middle of the 
figure that separates the current profiles of LTCCB 
technology and CM. The spikes are due to the change in 
setting the starting conditions, especially the starting 
temperature of the CM. 
 
 
Fig. 5. Power signatures of both LTCCB technology and CM. 
The power signatures of both technologies are similar 
since both are using the same equipment. However, there are 
still some differences. Fig. 5 plots and superimposes two 
power signature cycles of each technology. It is obvious that 
LTCCB technology consumes less power and has shorter 
cycle time due to lower required temperature and shorter 
bonding time. As the power signature cycle of CM is more 
distinct, it is further analysed in Fig. 6. 
 
 
Fig. 6. Power signature cycle of CM. 
The power signature cycle of the CM has three distinct 
phases. The first phase is to hold and maintain the starting 
temperature (175°C), and also to pick and place the sample 
onto the bonding tool. The second phase is the actual bonding 
process where temperature will be raised to the required 
setting (350°C). The last phase is to cool down the bonding 
temperature to the starting temperature, and to release the 
sample. 
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Fig. 7. Energy consumption of both LTCCB technology and CM. 
After understanding the power signature cycles, 
computation models are run to determine the energy 
consumption of both technologies. Fig. 7 shows the energy 
consumption of both LTCCB technology and CM. CM 
consumes 115.61 Wh of energy per sample while LTCCB 
technology consumes 88.3 Wh of energy. In relative 
percentage term, LTCCB technology consumes 
approximately 24% lower energy than CM. 
3.2. Material consumables profile 
Table 3. Material consumables for LTCCB technology. 
Process Materials  Quantity per sample Unit 
Acid 
Cleaning 
Hydrochloric Acid 3.6E-4 Liter 
Absolute Ethanol  1.5E-3 Liter 
Organic 
Coating 
Nanostructured Organic Coating 
Chemical 1.1E-7 Liter 
Absolute Ethanol  3.5E-3 Liter 
Table 4. Material consumables for CM. 
Process Materials  Quantity per sample Unit 
Acid 
Cleaning 
Hydrochloric Acid 3.6E-4 Liter 
Absolute Ethanol  1.5E-3 Liter 
 
Table 3 and Table 4 list the material consumables for 
LTCCB technology and CM respectively. The main 
difference between the both technologies lies in the Organic 
Coating process of the LTCCB technology. In this process, an 
organic chemical, known as Nanostructured Organic Coating 
Chemical is used to coat the Cu sample. After coating, the Cu 
sample needs to be washed with Absolute Ethanol. The 
quantity of the material consumables are computed by 
normalizing the values for 50 Cu samples. 
3.3. Production cost modeling 
A production cost modeling approach is adopted to analyze 
the production cost economics [15]. In relative percentage 
term, the total unit cost of CM is 52.58% of LTCCB 
technology (Fig. 8). Although LTCCB technology consumes 
less energy than CM, the total unit cost is still higher than 
CM, largely due to cost of Absolute Ethanol.  The absolute 
ethanol contributes 75.77% of LTCCB technology total unit 
cost. In relative percentage term, Absolute Ethanol cost of the 
CM is only 22.73% of LTCCB technology total unit cost. 
 
Fig. 8. Relative percentage in total unit cost of both LTCCB technology and 
CM. 
The cost of Nanostructured Organic Coating Chemical is 
almost negligible (0.05%). Although insignificant, it is this 
organic coating which results in lowering the temperature of 
bonding process, thereby reducing the energy consumption. 
However, it is also because of the organic coating that results 
in additional washing of the Cu sample with Absolute 
Ethanol, leading to significant increase in cost. 
 
 
Fig. 9. Total unit cost breakdown percentage of LTCCB technology. 
 
Fig. 10. Total unit cost breakdown percentage of CM. 
 Fig. 9 shows the total unit cost breakdown of LTCCB 
technology. The two most significant cost drivers of the 
LTCCB technology are Absolute Ethanol (75.77%) and 
energy (18.30%). Similar to the LTCCB technology, Absolute 
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Ethanol (43.23%) and energy (45.57%) are also the two 
critical cost drivers (Fig. 10). Unlike the LTCCB technology, 
the CM energy cost is higher than the cost of Absolute 
Ethanol. 
3.4. Carbon footprint assessment 
Table 5. Inventory data (per sample) of LTCCB technology for carbon 
footprint assessment. 
Activity Data Quantity Unit 
Emissions 
Factor 
(kg CO2e/Unit) 
Source Method 
Nanostructured 
Organic 
Coating 
1.1E-7 Liter 1.305 Eco-invent v1.3 (2006) 
IPCC 2001 
GWP 100a 
Absolute 
Ethanol 5.0E-3 Liter 2.032 
GaBi 
databases 
(2006)  
ReCiPe 
Midpoint (H) - 
Climate 
change 
Hydrochloric 
Acid 3.6E-4 Liter 8.1E-4 
Eco-invent 
v1.3 (2006) 
IPCC 2001 
GWP 100a 
Energy 
(Electricity) 8.83E-2 kWh 0.572 [16] 
UNFCCC 
CDM 
Table 6. Inventory data (per sample) of CM for carbon footprint assessment. 
Activity Data Quantity Unit 
Emissions 
Factor 
(kg CO2e/Unit) 
Source Method 
Absolute 
Ethanol 1.5E-3 Liter 2.032 
GaBi 
databases 
(2006)  
ReCiPe 
Midpoint (H) - 
Climate change 
Hydrochloric 
Acid 3.6E-4 Liter 8.1E-4 
Eco-invent 
v1.3 (2006) 
IPCC 2001 
GWP 100a 
Energy 
(Electricity) 1.16E-1 kWh 0.572 [16] 
UNFCCC 
CDM 
 
Tables 5 and 6 list the inventory data in terms of activity 
data, emissions factors, source of emissions factors and the 
respective method to compute emissions factors for both 
LTCCB technology and CM. The information is then used to 
quantify the carbon footprint using equation 3 (section 2.1).  
In relative percentage term, the carbon footprint of LTCCB 
technology is 87.71% of CM (Fig. 11). Unlike the case of 
production cost where Absolute Ethanol contributes 
significantly towards total unit cost, it is the energy which 
contributes the most significant portion of carbon footprint. 
Since LTCCB technology consumes lesser energy than CM, 
the carbon footprint of LTCCB technology is lower. 
 
 
Fig. 11. Relative percentage in carbon footprint of both LTCCB technology 
and CM. 
Fig. 12 shows the carbon footprint breakdown of LTCCB 
technology. The two most significant hotspots of the LTCCB 
technology are energy (83.24%) and Absolute Ethanol 
(16.76%). In the case of CM (Fig. 13), energy is the main 
hotspot (95.59%). 
 
 
Fig. 12. Carbon footprint breakdown percentage of LTCCB technology. 
 
Fig. 13. Carbon footprint breakdown percentage of CM. 
3.5. Eco-efficiency results 
Based on the total unit cost and carbon footprint results 
generated in earlier sections, the indicators are plotted on two-
axes graph. In this two-axes graph, the technology that 
simultaneously has the lowest total unit cost and lowest 
carbon footprint is considered as the most eco-efficient. 
Conversely, if the technology scores the highest total unit cost 
and highest carbon footprint, it is considered to be the least 
eco-efficient. As an aid for interpretation, an arrow is shown 
to indicate that whenever a technology is located closer 
towards the bottom left corner of the two-axes graph 
compared to another technology, it is considered to be more 
eco-efficient.  
Interpreting Fig. 14, LTCCB technology has lower carbon 
footprint than CM but its total unit cost is higher than CM. 
Therefore, it may not be conclusive to state which technology 
is more eco-efficient. It will depend on the priorities of the 
technology adopter. If the focus is on environmentally-
friendly technology, adopting LTCCB technology will be a 
better choice. On the contrary, adopting CM will be a better 
selection if the focus is on lowering the cost. 
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Fig. 14. Eco-efficiency graphical representation. 
4. Recommendations 
The earlier sections identified the critical cost drivers and 
carbon footprint hotspots of both technologies. They are 
summarized below: 
Table 8. Summary of critical cost drivers and carbon footprint hotspots. 
Technology LTTCB technology CM 
Critical cost drivers 
x Absolute Ethanol 
(75.77%)  
x Energy (18.30%) 
x Absolute Ethanol 
(43.23%) 
x Energy (45.57%) 
Carbon footprint 
hotspots 
x Energy (83.24%)  
x Absolute Ethanol 
(16.76%) 
x Energy (95.59%) 
 
 
As discussed earlier, it is the organic coating which results 
in lowering energy consumption for the LTCCB technology. 
On the other hand, the organic coating also leads to additional 
cost incurred due to increased usage of Absolute Ethanol. To 
bring down the cost, one possible recommendation is to 
replace the Absolute Ethanol with Deionized water (DI water) 
during the Organic Coating process. 
A scenario analysis is conducted to determine the total unit 
cost and carbon footprint if Absolute Ethanol is replaced with 
DI water during the Organic Coating process. 
In both cases, LTCCB technology shows a drop in total 
unit cost and carbon footprint. Previously, the total unit cost 
of LTCCB technology used to be higher than that of CM. By 
replacing Absolute Ethanol with DI water, the total unit cost 
of LTCCB technology would be 89.91% of CM, in relative 
percentage term (Fig. 15). 
 
Fig. 15. Relative percentage in total unit cost of both LTCCB technology and 
CM. 
Similarly, if DI water replaces Absolute Ethanol during the 
Organic Coating process, carbon footprint would have 
dropped from 87.71% to 78.64% of CM, in relative 
percentage term (Fig. 16). The decrease in carbon footprint is 
because DI water has a lower emissions factor (4.83E-3 kg 
CO2e/Liter) than Absolute Ethanol (2.032 kg CO2e/Liter). The 
source of emissions factor for DI water is the same as 
Absolute Ethanol which is from GaBi databases (2006), 
derived using ReCiPe Midpoint (H) - Climate change method. 
 
 
Fig. 16. Relative percentage in carbon footprint of both LTCCB technology 
and CM. 
Based on this set of results and previous results, the 
indicators are plotted on two-axes graph. Fig. 17 clearly 
demonstrates that by replacing Absolute Ethanol with DI 
water, the blue marker is shifted to green marker, which is 
closer towards the bottom left corner of the two-axes graph. 
Interpreting Fig. 17, the recommendation has certainly 
improved the eco-efficiency of LTCCB technology.  Both the 
total unit cost and carbon footprint of LTCCB technology are 
lower than that of CM. 
Based on the recommendation, experiments were carried 
out to assess the technical feasibility of replacing Absolute 
Ethanol with DI water. Results from 30 samples show that the 
average shear strength per sample is 93.3 MPa. The 95% 
confidence interval indicates the shear strength per sample 
ranges from 33.2 MPa to 153.5 MPa, which is above the 
industry norm of 20 MPa (Fig. 18). Therefore, we are 95% 
confident that DI water can be used to replace Absolute 
Ethanol without comprising technical performance. 
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Fig. 17. Eco-efficiency graphical representation. 
 
Fig. 18. Shear strength performance of samples from LTCCB technology. 
5. Conclusion and future work 
This paper compares the eco-efficiency of Low 
Temperature Copper to Copper Bonding (LTCCB) 
technology against the Conventional Method (CM).  
The energy modeling based on the logging data shows the 
energy consumption of both LTCCB technology and CM. CM 
consumes 115.61 Wh of energy per sample while LTCCB 
technology consumes 88.3 Wh of energy. In relative 
percentage term, LTCCB technology consumes 
approximately 24% lower energy than CM. 
The production cost modeling reveals that the total unit 
cost of CM is 52.58% of LTCCB technology. Although 
LTCCB technology consumes less energy than CM, the total 
unit cost is still higher than CM, largely due to cost of 
Absolute Ethanol.  The Absolute Ethanol contributes 75.77% 
of LTCCB technology total unit cost. In relative percentage 
term, Absolute Ethanol cost of the CM is only 22.73% of 
LTCCB technology total unit cost. 
The carbon footprint assessment shows that the carbon 
footprint of LTCCB technology is 87.71% of CM. Since 
LTCCB technology consumes lesser energy than CM, the 
carbon footprint of LTCCB technology is lower.  
Production cost modeling and carbon footprint assessment 
reveal the following critical cost drivers and carbon footprint 
hotspots: 
Table 7. Summary of critical cost drivers and carbon footprint hotspots. 
Technology LTTCB technology CM 
Critical cost drivers 
x Absolute Ethanol 
(75.77%)  
x Energy (18.30%) 
x Absolute Ethanol 
(43.23%) 
x Energy (45.57%) 
Carbon footprint 
hotspots 
x Energy (83.24%)  
x Absolute Ethanol 
(16.76%) 
x Energy (95.59%) 
 
 
Interpreting the eco-efficiency graphical representation, 
LTCCB technology has lower carbon footprint than CM but 
its total unit cost is higher than CM. Therefore, it is may not 
be conclusive to state which technology is more eco-efficient. 
It will depend on the priorities of the technology adopter. If 
the focus is on environmentally-friendly technology, adopting 
LTCCB technology will be a better choice. On the contrary, 
adopting CM will is a better selection if the focus in on 
lowering the cost.  
To improve the eco-efficiency, one possible 
recommendation is to replace the Absolute Ethanol with 
Deionized water (DI water) during the Organic Coating 
process. Experiments have also shown that it is technically 
possible to replace Absolute Ethanol with DI water. Based on 
this scenario analysis, both total unit cost and carbon footprint 
of LTCCB technology are lower than that of CM. Using the 
eco-efficiency graphical representation, the recommendation 
has certainly improved the eco-efficiency of LTCCB 
technology. As the current study is done on a lab-scale, future 
study will entail the assessment at the production scale. This 
will involve other elements like automation, equipment and 
other overhead costs that may have more significant bearing 
on the production cost. 
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